Abstract--Diffractograms of lepidocrocites formed from the oxidation of Fe(II) chloride solutions at pH 7 and 25~ showed differential line broadening with (0k0) reflections being much sharper than (hk0) 
INTRODUCTION
During the formation of magnetite from the oxidation of Fe(II) chloride solutions at pH 7 and 25~ Taylor (1984) observed that increasing the [C1]/ [Fe] ratio in the solution by the addition of NaC1 caused lepidocrocite to form at the expense of the magnetite. Moreover, at higher [C1]/ [Fe] ratios the crystallinity of the lepidocrocite, as defined by the width at half height (WHH) of its (020) X-ray powder diffraction (XRD) peak, increased while the crystallinity of the magnetite was not markedly affected. The structure of the Fe(II)Fe(III) hydroxychloride (green rust I) precursor stage of these minerals becomes unstable when approximately 55% of the total Fe becomes oxidized (Feitknecht and Keller, 1950) , and the green rust then transforms topotactically (Bernal et al., 1959) by either dehydration and further oxidation to magnetite or by complete oxidation to lepidocrocite. Taylor (1984) suggested that the replacement of OH by CI-, either in the structure of the metastable green rust phase or during its subsequent oxidation, may reduce the amount of magnetite formed by preventing the elimination of water by condensation of neighboring OH groups.
The present study is an extension of these earlier experiments and was carried out under conditions that favored the formation of lepidocrocite rather than magnetite. Its objective was to investigate more fully the effect of [C1] on lepidocrocite crystallinity and to understand the processes involved.
EXPERIMENTAL METHODS
Crystalline FeCI2.4H20 (AR grade) stored in plastic containers commonly oxidizes and degrades to akaganeite (fl-FeOOH). To eliminate this water-insoluble Copyright 9 1984, The Clay Minerals Society impurity in the earlier study on the effects of [C1], Taylor (1984) prepared bulk solutions of Fe(II) chloride in HC1 and reduced them with Fe powder. He found that fresh AR grade FeC12.4H20 bottled in glass protected from light (black envelope) and stored in a desiccator over silica gel did not degrade. Such solid Fe(II) chloride was therefore used in the present experiments.
Fe(II) chloride (2.4 mmole) was added to 50 ml of N2-saturated distilled water with various levels of added NaC1. The solutions were taken to pH 7 under 50 ml/ min N2 (high purity) with 2.5 N NaOH. The N2 was then turned off and 2 ml/min air was passed into the solution. The reactions were carried out at 25~ in a parallel-sided glass vessel with an air/solution interface area of 8.5 cm% after allowing for the areas of electrodes and inserts. The solutions were stirred at a constant rate (3600 rpm) with the small triangular blade of a Radiometer ABU12 titration assembly. Electrodes to measure pH and Eh and the titrant delivery tube were always immersed to the same depth, and the orifice (0.55 ram) of the air delivery tube was maintained at the same orientation with respect to the stirrer and electrodes. The Eh and the rate of alkali consumption needed to maintain the pH during hydrolysis were recorded.
A few experiments were carried out in a larger titration vessel with an effective solution-air interface of 25 em 2. This area was reduced in some experiments to 6.3 cm 2 by floating a plastic annulus on the solution surface.
When hydrolysis was completed, the precipitate was centrifuged, washed with water and then with acetone, and dried at 105~ The dried material was examined by XRD using CoKa radiation (40 kV, 60 ma) and a graphite monochromator. The WHH values of the 020, 120, 031, and 200,051 reflections (referred to the space group Amam rather than the currently proposed Cmcm of Christensen and Christensen (1978) ) were measured statically by step-counting for 10-sec periods over the peak and background in steps of 0.1 ~ and 0.05~ These values were corrected for instrumental broadening by subtracting the WHH of the 101 peak of well-crystalline quartz at 3.034 ~. This correction should vary with 20, but the use of the single correction is sufficient for comparison of the same diffraction peak in different samples. The reported WHH at high 20 reflections will therefore be slightly higher than their true corrected values. The WHH of the 171, 122, and 251 peaks (Figure 2 ) was measured by counting for 10-sec periods over 20 increments of 0.1 ~ and corrected by subtracting the WHH of the quartz 113 line (~76~ Selected samples were also examined by IR spectroscopy using KBr discs and a Perkin Elmer 521 instrument in the transmission mode and by transmission electron microscopy. In the calculation of the initial [C1]/[Fe] ratio, the value in the NaCl-free solutions was assumed to be 2; in other samples it was calculated from the added NaCI and this assumed value. Four samples over the range of initial C1/Fe ratios were analyzed for Ct, Na, and Fe.
RESULTS
The dried precipitate consistently had a Munsell color 7.5YR 6/8. Only lepidocrocite was detected by XRD in samples where excess chloride had been added. In one sample with no added chloride, a trace of magnetite/maghemite was also detected from its 220 reflection, which broadened and extended the adjacent 011 lepidocrocite line to higher 20 values. The main magnetite 311 peak was not resolved from the more intense lepidocrocite 031 peak. The weak lepidocrocite 040 reflection, not shown on ASTM card 8-98, but reported by Ewing (19351 and Ole~ et al. (19701, was clearly resolved on the high-angle tail of the 120 lepidocrocite peak. Similarly, the weak 140 reflection noted by these workers was observed as a deformation on the high-angle tail of the 031 line.
Duplicate experiments at the different [C1]/[Fe] molar ratios were conducted in a random order. The measured WHH of four lepidocrocite lines of the various preparations are given in Table 1 . The values for each sample are averages from two sets of measurements, the second run after grinding and re-pressing the sample.
The indication noted by Taylor (1984) that increasing [C1]/ [Fe] values caused a decrease in the WHH of the 020 peak of the resultant lepidocrocites is supported by the data depicted in Figure 1 . Here the average, statically determined values of the WHH are plotted for the duplicate experiments (range shown by Differential line broadening is shown in Figure 2 for sample 308 (Table 1) Figure  3) , no increase and subsequent decrease in crystal development or coherence in the a-axis direction is apparent between samples. The lath-shaped particles appear to comprise smaller rods oriented in the c-axis direction and lying coherently one above the other to give a pronounced development in the b-axis direction (normal to the plane of the photograph). Whereas the centers of the crystals appear to be well developed in all directions, the superimposed rod-shaped particles, or teeth, show a variable extension in the direction of the rods (c-axis) but rather poorer coherence between the rods (a-axis direction) especially away from the center of the crystals. 1 Low values of Fe are due to the fact that samples were only dried for 30 rain at 105"C. present in these samples was noted. The CI, Na, and Fe values determined in nitric acid extracts of ovendried samples of these preparations are given in Table  2 . The small excess of C1 over Na is assumed to be associated in some way with the lepidocrocite, possibly substituting for OH.
The plot of alkali consumption to maintain constant pH against time shows a plateau region in which no alkali was required (see Figure 6 ). Taylor (1984) This plateau, during which oxidation and transformation of the earlier formed green rusts probably takes place, initially requires an increasing proportion of the total reaction time as the ratio is increased, but appears to approach a constant value above a ratio of about 8.
The position at which the plateau occurs, however, expressed as the percentage of the total alkali requirement, approaches a steady value at higher ratios ( Figure   5 ).
When the titration vessel with the higher effective solution-air interface was used, increased [C1] decreased crystallinity, as defined by the WHH (Table 3) . Reduction of this effective area by the insertion of a plastic annulus (other conditions remaining constant), however, again resulted in reduced WHHs with increased [C1], Table 3 . The physical dimensions of the different reaction vessels as well as variations in the effective interface areas were also responsible for differences in the position and duration of the plateau regions (see Figure  6 ) and in the crystallinity of the final lepidocrocites. Between the two titration vessels used, differences, not apparently related to the effective interface area, were noted in the reaction rate, the position and duration of the plateau regions, and the effects of [CI] on the measured WHH ( Figure 6 and Table 3 ). The main effect here is considered to be the efficiency of stirring. In the Metrohm vessel the depth of solution to be stirred was 28 mm, whereas in the weighing bottle it was 57 ram. In the Metrohm vessel the air outlet orifice was much nearer the stirrer blade, and in this wider vessel the various electrodes and inserts could impede to a lesser extent the efficiency of stirring and air bubble dispersion.
DISCUSSION
Variations in the reaction rates were most probably due to the increasing [C1] in the environment. Taylor which normally could be expected to reduce crystalline development. Assuming that the explanation given above (Taylor, 1984) for the influence of C1 in promoting lepidocrocite rather than magnetite is correct, the effects observed are probably determined by the rates of the reactions which are themselves influenced by the environmental Table 2 ). It is unclear as to how or why the crystallinity in the b-axis direction increases to an approximately constant value whereas in the a-axis direction an increase in crystallinity is followed by a decrease at higher initial [CI]/[Fe] ratios (Figure 1 ), or why there is differential line broadening in the XRD reflections the lines becoming broader as h increases from 1 to 2 in the hkl indices (Figure 2 ). Possibly these features are caused by the greater ease with which foreign ions diffuse out from the H-bond region in the b-axis direction or, by the small amounts of C1 that can be accommodated in this region without distortion or limitation of crystal development. In contrast, CI-anions substituting for 0 2-along the edges of the octahedral chains extending in the c-axis direction may be more difficult to displace, especially in a high [(21] environment. Possibly entrapped C1 anions would impede crystal development by reducing coherence between the octahedral chains in the a-axis direction more so than in the c-direction along the octahedral chains.
During the plateau region observed in the oxidation stage no base was required to maintain pH; in fact, pH increased to ~ 7.1 presumably due to the liberation of some OH from the degenerating green rust phases as oxidation proceeded. showing that the plateau period was prolonged with respect to the total hydrolysis time with initial increases in the [C1]/[Fe] ratio. This effect was noticeable up to a ratio of ~8.5--a value near which the WHH 020 reflection attained its minimum value and where the WHH 120 reflection started to increase (Figure 1 ). No systematic relationship between the total reaction time and the [Cl]/[Fe] ratio, was found, although a plot of WHHo20 against plateau duration as a percentage of total hydrolysis time, or against plateau height as a percentage of total hydrolysis gives the same form of curve as displayed in Figures 4 and 5 , respectively. No relation exists, however, between these parameters and the WHH~20. Thus, the increased durations of certain stages of the reaction were probably partly responsible for the increased crystallinity in the b-axis direction as defined by the WHH0~o. The smaller effect of the [Cl]/ [Fe] ratio on WHH when a different interface area was employed (Table 3 and Figure 6 ) supports the conclusion that the [C1] influenced the oxidation rate during lepidocrocite formation. Moreover, this effect of [C1] on WHH was modified when oxidation was not limited by the 02 in solution.
It is therefore concluded that where oxidation of the Fe(II) system was controlled by the passage of air into solution rather than by uncontrolled oxidation at the interface, increasing [C1] initially induced a higher degree of crystallinity by prolonging the onset and duration of certain stages of the reaction.
